Cells transcribe thousands of RNAs that do not appear to encode proteins. The neuronal functions of these noncoding RNAs (ncRNAs) are for the most part not known, but specific ncRNAs have been shown to regulate dendritic spine development, neuronal fate specification and differentiation, and synaptic protein synthesis. ncRNAs have been implicated in a number of neuronal diseases including Tourette's syndrome and Fragile X syndrome. Future studies will likely identify additional neuronal functions for ncRNAs as well as roles for these molecules in other neuropsychiatric and neurodevelopmental disorders.
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. Some ncRNAs are involved in epigenetic phenomena such as genomic imprinting in which expression of particular genes or even an entire chromosome is dependent on the parental origin of the gene or chromosome. However, the precise mechanisms regulating crosstalk between the three major epigenetic regulatory pathways (ncRNAs, histone modifications, and DNA methylation) remain somewhat mysterious (Grewal and Rice, 2004; Chang et al., 2006) . At least some ncRNAs are important regulators of mRNA translation (Bartel, 2004; Kosik, 2006) . For example, miRNAs bind to the 3Ј untranslated region of target mRNAs, thereby inhibiting translation by an as yet unknown mechanism. ncRNAs in the nervous system Until recently, the neuronal functions of ncRNAs have been poorly characterized. Several excellent reviews describe the functions of noncoding RNAs in neurons (Cao et al., 2006; Kosik, 2006; Mehler and Mattick, 2007) . Some ncRNAs are enriched in brain and may be expressed ubiquitously or in a neuronal celltype-specific manner. ncRNAs have been shown to regulate neuronal processes such as brain morphogenesis, neuronal cell fate and differentiation, and transcription of neuron-specific genes.
miRNAs, a family of small noncoding RNAs of 18 -24 nucleotides, are emerging as important regulators of mRNA translation in a variety of systems, including the vertebrate nervous system (Bartel, 2004; Kosik, 2006) . Recently, Gerhard Schratt and coworkers described a role for the miRNA pathway in the regulation of synapse morphology in hippocampal neurons (Schratt et al., 2006) . They found that a brain-specific miRNA, miR-134, is localized to the synaptodendritic compartment and negatively regulates the size of dendritic spines, the major sites of excitatory synaptic transmission in hippocampal neurons. This effect was mediated by miR-134 inhibition of the translation of an mRNA encoding Limk1 (Lim kinase 1), a kinase that was known to control the dendritic spine actin cytoskeleton. Dr. Schratt and colleagues have recently embarked on a genome-wide functional screen to elucidate the full complement of miRNAs involved in dendritic spine morphogenesis.
We know a great deal about the protein machinery required for processing miRNAs and siRNAs into their functional forms (Bartel, 2004) . However, there is much less known about the specific proteins that function with ncRNAs. One example of this type of protein is Drosophila Me31B, which is present in neuronal and maternal RNA granules as well as cytoplasmic RNA processing bodies (P-bodies). Recently, it has been shown that Me31B is also required for dendritic morphogenesis and miRNA function in vivo (Barbee et al., 2006) . A growing body of evidence indicates there is a close relationship between miRNA and P-body function (Eulalio et al., 2007; Jakymiw et al., 2007) . Together, these data suggest that Me31B and other P-body components may be important factors required for ncRNA-mediated regulation of synaptic mRNA translation and long-term memory.
What is the role of ncRNAs in memory? At least two studies suggest a potential role for ncRNAs in this process. The cAMP response element-binding protein (CREB) transcription factor has been implicated in a variety of neuronal functions, including learning and memory (Carlezon et al., 2005) . Recently, miR-132 has been identified as a CREB target, and overexpression of this miRNA leads to increased outgrowth of primary neurites (Vo et al., 2005) . Some very exciting work in Drosophila shows that Armitage, a protein component of the RNA interference pathway, regulates both synaptic protein synthesis and long-term memory (Ashraf et al., 2006) . These results suggest that miRNAs themselves could be involved in memory-related processes, although whether these are the same miRNAs that regulate dendritic spine morphogenesis remains to be seen.
ncRNAs in neuronal development and brain evolution
There have been a number of studies describing roles for ncRNAs in invertebrate and vertebrate neuronal development. One of the first was a study in the nematode Caenorhabditis elegans in which two miRNAs were found to act in a pathway regulating left/right asymmetry in the ASE chemosensory neuron pair (Chang et al., 2004) . Since this initial work, this pathway been expanded to include a number of miRNA-regulated Zn finger and homeobox transcription factors that comprise an elaborate gene regulatory network specifying neuronal cell fates (Hobert, 2006) . Anna Krichevsky and coworkers have recently shown that miRNAs play a significant role in neurogenesis in mammals. Mouse embryonic stem cells were allowed to differentiate into neuronal progenitor cells, which in turn differentiated into astrocytes or neuronal cells. Overexpression of specific miRNAs in neuronal precursor cells led to decreased numbers of astrocytes, whereas inhibition of miR-9 led to decreased numbers of neuronal cells (Krichevsky et al., 2007) .
One of the most developed stories concerning noncoding RNAs and neuronal differentiation is that of miR-124, which is highly expressed in the brain. Initial work in HeLa cells indicated that overexpression of miR-124 led to decreased expression of dozens of non-neuronal genes reflective of a gene expression profile more similar to that of neuronal cells (Lim et al., 2005) . Complementary studies showed that levels of miR-124 in neural progenitor cells can be reduced by the zinc-finger protein REST (repressor element-1 silencing transcription factor), enabling non-neuronal transcripts to perdure. Differentiation of neural precursor cells into adult neurons is associated with the absence of REST, increased levels of miR-124, and increased expression of neuronal genes (Conaco et al., 2006) . Related work suggests that the SCP1 (small C-terminal domain phosphatase 1) phosphatase, which has an anti-neural function, is a miR-124 target. miR-124 posttranscriptionally reduces levels of the SCP1, leading to a neuronal cell fate (Visvanathan et al., 2007) . The miR-124 story is not without controversy, because Cao and coworkers failed to reveal an miR-124-dependent change in neuronal fate, although they did identify endogenous miR-124 targets (Cao et al., 2007) . The most recent piece in the miR-124 puzzle is the identification of the miR-124 target PTBP1, which encodes polypyrimidine tract binding protein 1. As neurons differentiate, miR-124 reduces PTBP1 message levels, which in turn induces "a switch from general to neuron-specific alternate splicing" (Makeyev et al., 2007) . Together, these studies provide valuable insight into the mechanisms by which miRNAs specify neuronal cell fates.
A particularly exciting result is the identification of an ncRNA called HAR1F that is expressed during cortical development and has evolved rapidly in humans. In humans and macaques, it is expressed in Cajal-Retzius neurons, a cell type implicated in regulation of cortical neuron migration, during early to midgestation. The ϳ2800 nucleotide HAR1F forms a novel stable secondary structure. Interestingly, the human-specific substitutions appear to alter a portion of this secondary structure. This ncRNA may in part contribute to differences in cortical development between humans and chimpanzees (Pollard et al., 2006) . In related work, Plasterk and coworkers have identified 447 new miR-NAs from human and chimpanzee brain (Berezikov et al., 2006) . Many of these miRNAs appear to be primate specific and thus of more recent evolutionary origin. Together, these results suggest a possible role for ncRNAs in the regulation of primate brain development and function. ncRNAs: roles in brain disease and also therapy? ncRNAs have been implicated in a number of diseases of the nervous system, including gliomas, Prader-Willi syndrome, spinocerebellar ataxia type 8, polyglutamine expansion diseases, neurodegenerative disorders, Tourette's syndrome, and Fragile X syndrome (Bilen et al., 2006; Mehler and Mattick, 2007) . For example, numerous miRNAs are dysregulated in human brain malignancies, particularly in gliomas. One interesting example is miR-21, which is strongly upregulated in glioblastoma multiforme, as well as in many other human tumors, and may play an antiapoptotic role (Chan et al., 2005) .
Human genetics studies have identified an association between Tourette's syndrome and variants in the SLITRK1 (SLIT and NTRK-like family, member 1) gene (Abelson et al., 2005) . Overexpression of SLITRK1 in cultured cortical neurons increases dendritic growth. Interestingly, two of the gene variants identified altered an miR-189 binding site in SLITRK1. Thus, mutations altering this binding site could lead to misregulation of SLITRK1 by miR-189, subsequent alterations in dendritic growth, and ultimately Tourette's syndrome.
Recent work has identified a possible role for miRNAs in neurodegenerative disorders such as Alzheimer's or Parkinson's disease. Anne Schaefer and coworkers conditionally eliminated the Dicer protein, which is required to process miRNAs into their functional forms, specifically in postmitotic Purkinje cells in mouse cerebellum (Schaefer et al., 2007) . The Purkinje neurons degenerated, suggesting that miRNAs may be required for survival of these neurons. Interestingly the mouse pups exhibited both tremor and ataxia, and the ataxia became more severe over time. The specific miRNAs that may be involved are not yet known. In related work, miR-133b levels were found to be reduced in midbrain samples from Parkinson's patients compared with controls . Functional experiments using both intact mice and embryonic stem cells suggests that this miRNA modulates the development and function of dopamine neuron, perhaps in a feedback control loop with Pitx3 (pairedlike homeodomain transcription factor 3). This work suggests that ncRNAs may play a role in diseases that impinge on dopamine systems, such as Parkinson's disease, schizophrenia, and addiction.
In work by Peng Jin and others, the Fragile X mental retardation protein (FMRP) was found to form a complex with the Dicer and AGO1 (Argonaute 1) proteins, both of which function in the miRNA pathway (Jin et al., 2004a,b) . Interestingly, the Drosophila FMRP homolog regulates synaptic plasticity and requires AGO1 for this function. At this time, the precise role that miRNAs may play in Fragile X syndrome remains unclear. As research in this area continues, it is likely that other neurodevelopmental and neuropsychiatric diseases will be linked to ncRNAs.
The identification of ncRNAs in neuronal function and brain disease also suggests that ncRNAs may be useful targets for the development of therapeutic agents. In fact, researchers have successfully engineered molecules called antagomirs that can silence miRNAs in vivo (Krutzfeldt et al., 2005) . For therapeutic agents that need to reach the CNS, the blood-brain barrier is often a significant obstacle. However researchers have recently been able to target siRNAs to the CNS. siRNAs are ϳ22 bp double-stranded RNAs that can silence expression of their cognate gene targets. In one experiment, an siRNA targeted against green fluorescent protein (GFP) was conjugated to a 29 amino acid acetylcholine receptor binding peptide, enabling the conjugated molecule to specifically target the CNS (Kumar et al., 2007) . This molecule was able to reduce brain-specific GFP expression. A similar experiment using an siRNA targeted against a viral gene was able to protect mice against virally mediated brain inflammation. These experiments strongly suggest that siRNA inactivation of specific genes may be a useful avenue for future treatment of human diseases, including diseases of the CNS.
The future of ncRNA research
Although we now know that ncRNAs are involved in many previously unanticipated areas of neurobiology, what does the future hold for this research area? Some areas of investigation that are likely to be fruitful include the following: identification of additional dendrite-specific ncRNAs regulating synapse development and plasticity, as well as identification and functional characterization of ncRNAs expressed in specific brain regions or in response to specific pharmacological or drug treatments.
Investigations into the changes in ncRNA expression that occur during brain development may help us begin to understand what impact these molecules may have in brain development and function. The identification of ncRNA targets as well as messages that cannot be regulated by a given ncRNA (anti-targets) will help to place ncRNAs into known regulatory pathways and further delineate their biological functions. The detailed characterization of the protein machinery required for ncRNA processing and function would be of great interest. Structural and functional investigations into the zoo of subcellular RNA-containing particles (P-bodies, neuronal granules, Cajal bodies, Gems, nuclear speckles) (Lamond and Spector, 2003; Cioce and Lamond, 2005; Eulalio et al., 2007) should be very interesting. Epigenetic regulators such as histone-modifying enzymes and DNA methylases are significant players in learning and memory (Levenson and Sweatt, 2006) . Do noncoding RNAs also play an important role? Finally, in the area of human health, do ncRNAs play an as yet undiscovered role in other neuropsychiatric or neurodevelopmental disorders? If so, can novel therapies be developed to target these ncRNAs and improve health outcomes?
